Glycerol decomposition over iron ore was studied. Main products were carbon monoxide, hydrogen and methane although equilibrium calculation showed methane concentration should be less than 1%. Low heat value of product gas was 16 MJ/m 3 . Iron ore after decomposition reaction was reduced from hematite to magnetite. Iron ore with larger iron content gave higher gas yield. On the other hand, surface area of iron ore before reaction might have no relationship with catalytic activity. Residence time study revealed that all products were produced from glycerol directly. Thus, it was suggested that major reaction was C 3H8O3 → 2CO+CH4+H2+H2O. 
Introduction
Global warming by burning a fossil fuel became a great problem all over the world. One of the solution is use of bio-oriented material such as bio-diesel fuel, bioethanol and so on. Bio-diesel fuel is a promising fuel although dispose of its by-product, glycerol is a great subject to apply it economically. Some attempts to use glycerol usefully were suggested. For example, it is suggested that chemicals, such as L-lactate 1) , 1,3-propane-diol 2) can be produced from glycerol. However, the demand of such chemicals are much small compared with the production of bio-diesel fuel and glycerol. Hydrogen production via steam reforming of glycerol is also suggested 3) 4)
. Hirai et al. reported that iron has the lowest activity on glycerol decomposition among supported 8 metal catalysts 4) .
Furthermore, they also reported 5) that La2O3 supported iron catalyst had the highest selectivity to methane at 827 K although the conversion of glycerol was only 36%.
However, catalyst activity is decreased because of carbon deposition. Suzuki et al. 6) reported that Ni and Ru catalyze glycerol to methane with 60% selectivity. However, after 12 hrs of reaction, methane selectivity was decreased and the catalyst is deactivated.
Deposition of carbon causes deactivation of catalyst and prevents useful application in commercial plant. In the steel works, iron ore is reduced by cokes in blast furnace and produce metal iron. If the iron ore has activity to decompose glycerol, both product gas and deposited carbon will be used effectively. Because deposited carbon will be contributed to reduce iron ore. It will be also contributed to reduce carbon dioxide exhaustion because glycerol is biomass material and is thought to be carbon neutral.
According to the above point of view, the decomposition reaction of glycerol 7) is reported in this study.
Experimental
Iron ore was obtained from JFE Steel Corp. Typical chemical composition and surface area of iron ores were shown in Table 1 . Iron ores were ground and sieved to 0.7-1.2 mm. 5.0 g of iron ore was placed into quartz tube reactor which inner diameter was 12 mm. It was heated up to reaction temperature in nitrogen flow without pretreatment. The reaction apparatus was shown in Fig. 1 . The product gas was analyzed by gas chromatography.
The reaction temperature was 1023-1173 K and the reaction pressure was atmospheric pressure.
Gas yield was defined as mole of carbon in the product gas divided by mole of carbon in the glycerol. It is noted that hydrogen does not included in gas yield. Product composition was expressed in molar percentage of all gaseous product including hydrogen.
Results and Discussions

Effects of reaction temperature
The results of glycerol decomposition over iron ore A was shown in Fig. 2 . The gas yield increases with rising temperature. At 1023 K and 1073 K, main products are carbon monoxide, hydrogen and methane and their compositions at 1073 K are around 49%, 31% and 19%, respectively (dry base). The product gas composition clearly
shows that the reaction is not simple decomposition reaction which is shown in formula (1).
The production of carbon dioxide is only 1% although it is major product in equilibrium calculation, which was shown in Table 2 . Carbon dioxide should be produced by water gas shift reaction which is shown in formula (2).
CO + H2O → CO2 + H2 (2)
60% aqueous glycerol solution is supplied to the reactor. The ratio of steam to carbon is 1.1. There are enough steam to produce carbon dioxide in the reaction condition. Even though, the production of carbon dioxide is low. It is considered that iron ore has no or less ability to catalyze water gas shift reaction.
On the other hand, the formation of methane is incredible because equilibrium calculation reveals that its composition should be lower than 0.1%, as shown in Table 2 .
However, around 20% of methane is formed in the product gas. Usually, methane is considered to be formed by hydrogenation of carbon monoxide as shown in formula (3).
However, equilibrium calculation shows that methane formation via hydrogenation of carbon monoxide should be very low. The reaction pathway for methane formation will be discussed later. Activities of iron ore, precipitated iron catalyst and silica supported iron catalyst are compared in Table 3 . It is clear that precipitated iron catalyst has low gas yield and poor selectivity to methane. Its surface area is very low and it may cause low activity. Silica supported iron catalyst has high surface area and high selectivity to methane. However, gas yield is around a half of iron ore.
Only iron ore has high gas yield and high selectivity to methane although its surface are is not high. The reason will be studied in the further research.
The low heat value of the product gas is high around 16 MJ/m 3 . This value is similar to that of coke oven gas which is the main fuel gas in steel works. So the product gas will be useful in the chemical factory and steel works.
At higher temperature above 1123 K, carbon monoxide decreases and hydrogen and carbon dioxide increases.
Although inflammable gas increased, the low heat value of the product gas is still around 15 MJ/m 3 .
Effect of hydrogen reduction
Comparison of the decomposition reaction catalyzed by iron ore A with and without hydrogen reduction was shown in Figs. 3 and 4 . In the case of the decomposition reaction without pretreatment, there seems to be induction period before the system becomes stable. However, after several hours were passed, no significant difference in both gas yield and product composition between with and without hydrogen reduction is recognized. It is clear that pretreatment, such as hydrogen reduction, is not necessary.
Analysis of iron ore after decomposition reaction
After decomposition reaction, the amount of carbon deposition on iron ore was measured by CHN analyzer. Fig. 5 shows the analysis results of different reaction period.
Deposited carbon amount increases at longer reaction period. However, yield of deposited carbon is around 1%. Usually, carbon deposition is the problem because it deactivates the catalyst ability. And deactivated catalyst must be withdrawn and the reactor must be filled up with fresh and expensive catalyst. However, in the case of iron ore, iron ore itself is very cheap compared with usual catalyst and the deactivated iron ore can be thrown into the blast furnace. The deposited carbon is useful to reduce iron But the value is very small compared with gas yield. Its contribution to a high calorific gas production is negligible.
Iron ores before and after decomposition reaction were analyzed by X-ray Diffraction Spectroscopy. The results were shown in Fig. 7 . Before reaction, major component of iron ore was hematite (Fe2O3). On the other hand, only magnetite (Fe3O4) was observed after decomposition reaction. Then, iron was reduced from Fe 3+ to 1:2 mixture of Fe 2+ and Fe
3+
. As mentioned in the previous section, iron ore without pretreatment has the induction period. It is considered that hematite is reduced to magnetite during the induction period and the decomposition reaction is catalyzed by magnetite. 
Effect of surface area of iron ore
Various kinds of iron ores were tested in the decomposition reaction of glycerol. The product composition was shown in Fig. 8 . There are small difference but large difference is not observed. Fig. 9 showed the relationship between gas yield and specific surface area. Generally, the catalyst with larger surface area shows the higher yield.
However, the iron ore with lower surface area gives the higher gas yield. Fig. 10 showed the relationship between gas yield and iron content of iron ore. The iron ore with higher iron content gives higher gas yield although the iron ore with higher iron content has lower surface area. The main component of iron ore is changed from hematite to magnetite. This transformation may generate the defect on the crystal system of iron ore and the surface area after the reaction may become larger.
Effect of residence time and reaction pathway
To clarif y the reaction path way, glycerol decomposition reaction was carried out in various residence time. The results were shown in Figs. 11 and 12. Gas yield increases linearly with residence time. However, the product composition is not changed. This result means all products are produced from glycerol directly and are not changed by the secondary reaction. From the product composition, the following reaction (6) is seemed to be occurred. If the reactions of (6) and (1) occur with the ratio of 86:14, the calculated product composition excluding water is similar to actual product composition as shown in Table 3 .
It is considered that iron ore catalyst has no or less ability to decompose methane such as steam reforming.
Conclusions
The following conclusions are obtained by the decomposition reaction of glycerol by iron ore.
1) High calorific gas around 16 MJ/m 3 is obtained.
2) Pretreatment such as hydrogen reduction is not required.
3) Deposited carbon yield is around 1%.
4) Iron ore is reduced to magnetite during the reaction.
5) All the gas products are produced from glycerol directly.
